The aseptic pipetting lifetime of air displacement pipettors during serial pipetting was investigated. When a Micrococcus luteus T culture was pipetted using no filter, less than 100 pipettings were required to contaminate the interiors of both mechanical and electronic pipettors with more than 10 3 cfu (n=1890 pipettings). When a filter was placed in the pipettor tip cone, the sterility of the pipettor barrel was maintained for more than 500 pipettings (n=2620) or 50-250 pipettings (n=2520) depending on the filter type used. When a radioactive liquid or plasmid DNA was pipetted using no filter, contamination of the pipettor barrel occurred within less than 100 pipettings. A filter placed in pipettor tip cone protected the interior of the pipettors against radioactive contamination for more than 250 pipettings and against DNA contamination for more than 500 pipettings. A pipettor barrel contaminated with M. luteus T caused carryover in 13% of the pipetting series. When a SCF filter was placed in the tip cone no carryover was observed within 2620 pipettings. A tip cone filter replaced at intervals of 50-250 (polyethylene filter) or 500 (SCF filter) pipettings will protect the pipettor barrel from contamination and the samples from carryover.
INTRODUCTION
Pipetting with air displacement pipettors involves a number of risks. The user may be at risk of contamination by infectious or toxic agents. The sample may be at risk of becoming contaminated by the preceding samples. The user is often protected, sterile labware used etc., but the pipettor is frequently forgotten. Contamination of the pipettors may cause erroneous results, possibly with Fdramatic consequences (Harris et al. 1983) . To improve on safety, filter equipped tips have been introduced to reduce the entry of aerosols or liquid into the pipettor barrel and carryover to subsequent samples. As an alternative a protective filter can be placed in the pipettor tip cone (Fig.  1) .
The purpose of this study was to quantify bacterial, DNA and radioactive contamination of pipettors during normal pipetting procedures. We evaluated the efficacy of filters placed in the pipettor tip cone in preventing contamination. To our knowledge, there is no previous report on this area.
MATERIALS AND METHODS

Pipettors and filters
Mechanical pipettors of 5-50 µl, 100-1000 µl and 1-5 ml (Fig 1) and an electronic pipettor of 50-1000 µl (Biohit Proline with Safe-Cone™, Biohit, Helsinki, Finland) were used. All were designed for the use of a filter in the tip cone (Suovaniemi 1998) . Regular tips (Biohit) or tips with a hydrophobic bonded-fiber filter (Costar ® , Corning, NY, USA) were used. Standard Safe-Cone Filters made of polyethylene (PE) and Safe-Cone Filter Plus (SCF) tip cone filters were used (Biohit). In the SCF filter the major portion of the pores are impregnated with particles of a liquid scavenging material. When moistened, this filter is converted into a barrier blocking the passage of liquids and aerosols.
Quantifying contamination of pipettors and carryover
A liquid culture of Micrococcus luteus
T (HAMBI 1399) was grown for 1 d at +37°C to 10 8 -10 9 cfu ml -1 in brain heart infusion (BHI) broth (Difco, Detroit, USA). The pipettors were precleaned by a spray of a decontaminating liquid (Biohit Proline Biocontrol), washed 2 min after spraying with ethanol and airdried in a laminar flow chamber. The culture of M. luteus T was drawn into a sterile tip and the tip was emptied using the pipettor's blow-out function. Maximum volumes of the pipettors were used.
At the end of each pipetting series (10-500 pipettings) the pipettors were tested for contamination. The tip was removed and 10 in-and-out pumpings performed 1 cm above a BHI agar plate. Yellow colonies (M. luteus T carryover) on the plates were counted after 2 d incubation at +37°C. The filter was taken out and cut into inner 1/3 and outer 2/3 parts, each agitated in 1.5 ml of sterile 0.9% NaCl for 20 s. The bacteria in the rinsing solution were counted by plating on BHI. The pipettor nose and interior of the pipettor barrel (Fig 1) were wiped with a sterile cotton swab. The swab was agitated in 1.5 ml of sterile 0.9% NaCl for 20 s and the bacteria in the saline counted by plating on BHI.
The barrier function of the filters was tested by inserting a filter in the middle of a tightly fitting, vertically positioned polypropylene tube. 50 or 200 µl of M. luteus T culture (10 8 cfu ml -1 ) were injected on top of the filter and the pipettor was attached to the upper end of the tube. The blow function of the pipettor was repeatedly used (5x100 µl up to 5x1 ml) to purge the fluid through the filter into a sterile tube. Tube contents were serially diluted in sterile 0.9% NaCl and plate counted on BHI agar.
Radioactive contamination of pipettors was investigated by a similar protocol, using 32 P-labeled orthophosphoric acid (Amersham, Bucks, UK), diluted with 0.2 M NaH 2 PO 4 -Na 2 HPO 4 (pH 6.6) to 6 dpm ml -1
. At the end of each pipetting series the filter was removed and immersed in 3 ml of scintillation fluid (LumaGel, Lumac LSC, Olen, Belgium). The pipettor nose and the pipettor barrel were wiped with a cotton swab soaked in ethanol and the swab immersed into 3 ml of scintillation fluid.
32 P was counted for 1200 s using a Wallac 1411 Liquid Scintillation Counter (Wallac, Turku, Finland). When a known amount of radioactive solution was pipetted into the barrel, the collection efficiency for the swab wiping was 80% of the input activity.
DNA contamination was investigated by repeatedly pipetting 50 µl of a 7 kb plasmid pLEB482 (120 mg ml -1 in dH 2 O). At end of each pipetting series 10 in-and-out pumpings of 1xDyNAzyme TM PCR-buffer (Finnzymes, Espoo, Finland) were performed with a clean tip (DNA carryover). Next the filter was removed, used also to wipe the pipettor nose and agitated for 20 s in 1xPCR-buffer. The SCF filter was removed from the PCR test tube after 2 min, the PE filter remained in the tube through PCR reaction. The interior of the pipettor barrel was wiped with a sterile cotton swab. The swab was agitated in 1xPCR-buffer for 30 s and removed. The contents of the PCR tubes, each containing 55 µl of 1xPCR-buffer and the possible DNA from the contaminated pipettor were used as templates for PCR reactions. Reaction mixtures (60 µl) contained 1xPCR-buffer, 2 mM MgCl 2 , 200 mM of each dNTP, 0.5 mM of the primers NIS143 and NIS150, and 1.2 U DyNAzyme TM II DNA polymerase (Finnzymes). Amplification (35 cycles) included denaturation (94°C, 60 s), primer annealing (50°C, 90 s), and polymerization (72°C, 60 s). The products were separated on 1% agarose gel and the presence of the amplified 505 bp DNA-fragment was investigated.
RESULTS
Bacterial contamination of pipettors during regular use
A culture of Micrococcus luteus
T was repeatedly pipetted with mechanical and electronic pipettors. The structure of the mechanical pipettors and the placement of the tip cone filters are shown in Fig  1. The pipettors were used with standard tips (no filter), filter tips and with or without a filter placed in the pipettor tip cone. Accumulated contamination of the pipettors is summarized in Table 1 . Asepticity of the interior of the pipettor barrel was maintained for <50 pipettings, when no filter was used. In all the tests with no filter (n=1890 pipettings) 100 pipettings resulted in a contamination level of >1 ppm of the M. luteus T amount transferred per pipetting, in some cases reaching up to 10 000 cfu per pipettor barrel. When no filter was used, the nose of the pipettor was detectably (>15 cfu per item) or severely (>10 000 cfu per item) contaminated with M. luteus T in 67% of the ≥100 repeated pipettings (n=480 pipettings). Contamination was sometimes detected after only 10 pipettings.
When filter equipped tips were used, the pipettor nose was observed contaminated once per 550 pipettings. No contamination of the pipettor barrel was observed within 550 pipettings. When protective filters were placed in the pipettor tip cone and regular tips were used, a similar reduction of pipettor barrel contamination was observed compared to the situation with no filter in the tip cone (Table 1) .
With the Safe-Cone Filter Plus (SCF) tip cone filter in place, no (<15 cfu per barrel) contamination of the barrel was observed after ≥ 500 pipettings (n=1640). The contaminants remained at the pipettor nose or were trapped in the filters. The polyethylene (PE) filters performed somewhat less well: the barrel was contaminated in 18% of the 1700 pipettings performed. Analysis of the cone filters showed that the SCF filter retained the aerosolized M. luteus T in the outer 2/3 of the tip cone filter leaving the inner 1/3 aseptic (Table 1) in 14 of the 15 filters analysed (n=1640 pipettings). M. luteus T tended to penetrate deeper into the PE filters, but even so the PE filters protected the pipettor barrel: the highest contamination observed in the barrel was 15 cfu of M. luteus T (n=1700 pipettings). The results showed that filters placed in the tip cone protected the pipettor barrel almost as well as the filter tips. Normal tips can thus be used to retain asepticity of the pipettor barrel, if the tip cone filter is replaced once per 50 (PE) or 500 (SCF) pipettings. Table 2 shows accumulation of M. luteus T contamination in an electronic pipettor (n=2210 pipettings). Because the interior of the pipettor barrel was not readily accessible in the electronic pipettor, asepticity was measured from the interior of the pipettor's tip cone. When no filter was used, 10 pipettings were found to severely contaminate the interior of the tip cone, with ≥10 000 cfu of M. luteus T per cone. When a filter was placed in the pipettor cone, the aerosolized M. luteus T cells were trapped in the filter and asepticity of the interior of the tip cone was maintained for ≥50 pipettings. With a SCF filter in use, the interior of the tip cone remained aseptic (<15 cfu) in 6 of the 11 pipetting series (n=980 pipettings). Contamination of the interior with ≥250 cfu of M. luteus T was observed only after the SCF filter had accumulated >10 000 cfu of M. luteus T in its outer 2/3 part.
M. luteus
T penetrated within 100 pipettings into the inner 1/3 part of PE filters in all cases (≥3900 cfu per item) but, within 980 pipettings, never to the inner 1/3 part of the SCF filters. A filter placed in the tip cone protected the pinhole for air entry into the pipettor barrel, although the filter did not totally cover the area analysed in the interior of the tip cone. As no penetration of M. luteus T through the SCF filter was observed, the results suggest that the contaminants detected in the interior of the tip cone (≥250 cfu) originated from the small area not covered by the filter. Most likely the actual pipettor barrel remained aseptic when the SCF filter was used, although it was not possible to analyse for this due to the construction of the electronic pipettor. 
Carryover contamination
The presence of contaminating bacteria inside the pipettor barrel, at the pipettor nose or on the filter surfaces, may lead to carryover contamination. The potential for carryover after serial pipettings of M. luteus T (up to 500 repetitions) was tested with idle pumping of the pipettor. In 13 to 20% of the idle pumpings M. luteus T was purged from the pipettor in cases where the pipettor nose, barrel or PE filter were heavily contaminated (>7500 cfu per item, Table 3 ). When SCF filters were used in the tip cones, no carryover was detected (n=2620 pipettings). The results show that a contaminated pipettor led to carryover at a frequency of up to 25%. Pipettor contamination was preventable by the use of a proper filter. Pipettor barrel None 13 * Contamination was regarded serious when the accumulated contamination was >1 ppm of the M. luteus cfu in one pipetting, indicated as +++ in Tables 1 and 2 † Frequency of carryover in those serial pipettings, where the corresponding pipettor part was heavily contaminated (n= 4 to 8 serial pipettings per pipettor part)
The risk of carryover contamination was further evaluated by deliberate over-pipetting. The overdrawn M. luteus culture was allowed to be in contact with the cone filter for 5 s before the tip was emptied. After tip removal, the pipettor was pumped 10 times 1 cm above a BHI plate, and repeated four times with new plates, in total 50 times. The results in Fig. 2 show that without a tip cone filter the overdrawn pipettor worked as continuous source of contamination for 50 subsequent pipettings. The contaminated PE filter also emitted M. luteus T cells continuously. The pipettors with SCF filters emitted cells immediately after the overdrawing, but emissions ceased (<1 cfu per 10 ml of air) after 20 pumpings. After the SCF filter had become moist, it converted into a barrier, retaining the overdrawn bacteria irreversibly and increasing the pumping resistance, thus warning the user about overdrawing. The results show that serious overdrawing is likely to lead to carryover even if filters are used, thus overdrawing will always require pipettor decontamination. Fig. 2 . Carryover contamination in subsequent 1 ml pipettings after an overdrawing of M. luteus T culture. Pipettors were used with or without a cone filter. Results are given as means of 3 tests. Coefficient of variation was £130% and in average 86%.
Functioning of filters as penetration barrier
We next measured the penetration of M. luteus T cells through the filters into the pipettor interior after an overdrawing. Overdrawing was simulated by placing a filter in the lower half of a sterile tube and 50 or 200 µl of the M. luteus T culture were injected on top of the filter. Air was blown to purge the culture through the filter, the filtrate was collected and cultivated. Less than 2 cfu out of the challenge of 2x10 7 cfu penetrated the SCF filter when up to 5000 µl of air was blown through the filter i.e. the retention of M. luteus T was >99.99999%. There was no visually detectable penetration of fluid. With the PE filter breakthrough of >8000 cfu out of the challenge of 5x10 6 cfu was observed, when 500 µl of air was blown through the filter. The retention was <99.8% out of the cfu challenge. These results show that the filters markedly differed in their barrier capacity.
Radioactive and DNA contamination of pipettors 32 P-labeled orthophosphate was repeatedly pipetted with mechanical pipettors using no kind of filter. Fig 3 shows that contamination of the pipettor barrel was observed after 100 pipettings. No radioactivity was detected in the pipettor barrel within 250 pipettings using regular tips with filters in the tip cone. Contamination was trapped in the filters and observable after 50 pipettings. Contamination at the pipettor nose occurred within 50 pipettings (Fig. 3) . Contamination of the pipettor nose was less severe when a tip cone filter was used.
When 50 µl of plasmid DNA (120 µg ml -1 ) was repeatedly pipetted, contamination of pipettor parts developed similarly to radioactive contamination. When no filter was used, contamination of the barrel was observed in 3 of the 4 pipetting series after 100 pipettings, and in all series after 500 pipettings. With tip cone filters (PE or SCF) the pipettor barrel remained clean (<160 pg of DNA per item) beyond 500 pipettings. DNA was found trapped in the filters. Carryover was not observed within the 5320 pipettings performed, i.e. the amount of DNA carried over in 10 repeated pipettings using a contaminated pipettor did not exceed 160 pg of DNA. Fig. 3 . Radioactive contamination of mechanical pipettors during repeated pipettings of 32 P-labeled orthophosphate (10 6 cpm ml -1 ) with and without filters in the tip cone. The pipettor tip was changed at intervals of 10 pipettings. Contamination of the pipettor parts is given as mean of three pipetting series. Coefficient of variation was £138%, when contamination exceeded >20 cpm per item.
DISCUSSION
Carryover from contaminated pipetting devices may lead to erroneous results such as incorrect bacterial counts (Corpet 1986) or to false clinical data leading to wrong treatment of patients (Lettau et al. 1988) . Traditionally bacteriological work has been conducted with serological pipettes or Pasteur pipettes with a piece of cotton as a filter in the upper end. Insufficient performance of these cotton plugs was shown by Lambert et al. (1979) , where bacterial aerosols formed in just two pumpings contaminated the upper end of the cotton plugged Pasteur pipettes in 4% of the tests. The risks of false results in modern PCR work as a result of sample cross-contamination or PCR product carryover have been discussed and possible methods for avoiding these problems have been suggested (Kwok and Higuchi 1989 , Bootman and Kitchin 1992 , Rys and Persing 1993 . However, we are not aware of any quantitative report on bacterial or radioactive contamination with modern air displacement pipettors.
Filter equipped tips or filters placed in the tip cone of the pipettors are commercially available. We found that pipettors with no protective filters were easily contaminated. Radioactive, DNA and bacterial contamination of pipettors all occurred very similarly. The results show that using filters in the tip cone will protect the internal mechanisms of both mechanical and electronic pipettors almost as well as using tips with a filter. One type of tip cone filter maintained the cleanliness of the pipettor interior beyond 500 sequential pipettings and also protected from carryover contamination during normal pipetting procedures. Even in the case of a serious overaspiration, one type of tip cone filter showed irreversible sorption of bacteria.
Poor individual pipetting habits or foaming samples may cause more severe contamination than that investigated in this study. Spore-formers may represent a higher risk of carryover than M. luteus T , due to the higher survival of spores under desiccation (Potts 1994) after entry into the pipettor barrel. We show here that when no filters are used, pipetting is not safe unless decontamination of the whole pipettor barrel is carried out at intervals of 50-100 pipettings. Cleanliness of the pipettors can be maintained with tip cone filters which are changed regularly.
